Single-strand-conformation polymorphism (SSCP) of DNA, a method widely used in mutation analysis, was adapted to the analysis and differentiation of cultivated pure-culture soil microorganisms and noncultivated rhizosphere microbial communities. A fragment (approximately 400 bp) of the bacterial 16S rRNA gene (V-4 and V-5 regions) was amplified by PCR with universal primers, with one primer phosphorylated at the 5 end. The phosphorylated strands of the PCR products were selectively digested with lambda exonuclease, and the remaining strands were separated by electrophoresis with an MDE polyacrylamide gel, a matrix specifically optimized for SSCP purposes. By this means, reannealing and heteroduplex formation of DNA strands during electrophoresis could be excluded, and the number of bands per organism was reduced. PCR products from 10 of 11 different bacterial type strains tested could be differentiated from each other. With template mixtures consisting of pure-culture DNAs from 5 and 10 bacterial strains, most of the single strains could be detected from such model communities after PCR and SSCP analyses. Purified bands amplified from pure cultures and model communities extracted from gels could be reamplified by PCR, but by this process, additional products were also generated, as detected by further SSCP analysis. Profiles generated with DNAs of rhizosphere bacterial communities, directly extracted from two different plant species grown in the same field site, could be clearly distinguished. This study demonstrates the potential of the selected PCR-single-stranded DNA approach for microbial community analysis.
One major objective in microbial ecology is the understanding of microbial diversity. A precondition for describing the diversity of microbial communities is to characterize their single members. Methods commonly used in taxonomy can be utilized to differentiate between organisms from such communities, but they require cultivation of purified isolates from environmental samples (4, 18, 24, 28) . Due to the intrinsic selectivity of each selected cultivation technique, growth of specific members is enhanced, decreased, or even inhibited, and thus, species numbers (richness) and abundances (evenness) obtained in the laboratory by cultivation-dependent methods mostly do not reflect the actual in situ diversity (1, 5, 51, 54) . Therefore, approaches detecting the diversity of directly extracted signature molecules of microorganisms, such as fatty acids (11, 12, 49) or DNA (47, 48, 56) , have been developed. DNA-based characterization techniques have the advantage that specific genes can be amplified from a community mixture or pure culture by PCR and that products of such amplifications can be further characterized, e.g., by subcloning and DNA sequencing (21, 41, 54) . Such data can be directly compared to DNA sequence databases and thus provide information about similarity to already-known genes (21, 50, 56) . In most studies on the diversity of microbial communities, however, the immediate goal is not to collect large sets of DNA sequences, which would be possible for only a limited number of samples, but rather is to analyze large numbers of samples for comparison and to detect as many different members of a community as possible. Recently, electrophoretic techniques have been developed to analyze the heterogeneity of PCRamplified products from community DNA (20, 29) . With such techniques, it becomes possible to generate and compare characteristic products or patterns from both cultivated isolates and directly extracted microbial community DNA (22) .
If specific genes are amplified from community DNA, it is desirable that such target sequences be widely abundant within the microbial community and that universal primers which are capable of amplifying such genes exist. For bacterial diversity assessments, 16S rRNA genes have been used predominantly in recent studies, since they have the previously mentioned attributes and additionally are directly linked to the phylogeny of microorganisms (22, 33, 35) . The heterogeneity of the PCR products obtained from 16S rRNA genes from microbial communities by using universal primers cannot be directly analyzed by electrophoresis, since the sizes of the products are almost identical for all eubacteria. To detect sequence variations, PCR products can be analyzed after restriction endonuclease digestions (23, 26, 27) or without digestions directly on denaturing gradient gel matrices. Such gradients can be generated chemically by increasing urea and formamide concentrations (denaturing gradient gel electrophoresis [DGGE]) or by running denaturing gels on a temperature gradient (temperature gradient gel electrophoresis [TGGE]) (14) . Both DGGE and TGGE have recently been applied to study microbial communities from mats and biofilms (29) , hot springs and marine environments (30) , rhizospheres (15) , and soil (7, 16) . DGGE and TGGE both require the use of one large PCR primer (approximately 60-mers) with regions of high GC content (GC clamps) in order to prevent complete strand separation during electrophoresis. Such large primers may cause annealing artifacts formed during the first cycles of PCR (20) . For community analyses the formation of heteroduplex DNA molecules, resulting from annealing of similar but not identical DNA strands from different organisms, can also limit the use of these techniques (9, 20) .
Single-strand-conformation polymorphism (SSCP) is an electrophoretic technique which has been developed, like DGGE (10) , for the detection of mutations, mainly in human genetics (13, 34) . Under nondenaturing conditions, singlestranded DNAs will fold into secondary structures (conformations) according to their nucleotide sequences and their physicochemical environment (e.g., temperature and ion strength). Due to different electrophoretic mobilities, different conformations can be separated by nondenaturing polyacrylamide gel electrophoresis (34) . Since no GC clamp primers, gradient gels, or specific apparatus is required, SSCP is potentially more simple and straightforward than DGGE or TGGE. By using SSCP in combination with an automated DNA sequencer, 16S rRNA genes obtained from PCR with several bacterial species of clinical importance could be differentiated (55) . SSCP has also been used to distinguish between 16S-23S rRNA interspacer regions of selected bacterial strains (40) . However, to our knowledge only one study so far has been concerned with applying SSCP for structural analysis of natural bacterial communities (20) .
A major limitation of SSCP technology for the analysis of community DNA is the high rate of reannealing of DNA strands after an initial denaturation during electrophoresis (43) . This is especially critical if high concentrations of DNA, which might be required for analysis of high-diversity communities, are loaded onto the gels. Another disadvantage of SSCP is the appearance of more than one band from a doublestranded PCR product after electrophoresis. Typically, three bands are detectable, two DNA single strands and one doublestranded DNA molecule, but several conformations of one product may coexist in one gel. Also, similar conformations of both DNA single strands may result in the detection of fewer than three bands from one organism. Finally, as already described for DGGE and TGGE, the formation of heteroduplex DNA from PCR products with similar sequences occurs frequently (20) .
Here we describe a new method which utilizes the benefits of SSCP technology and excludes problems with both reannealing and heteroduplex formation of single-stranded molecules. Additionally, the number of bands per organism after electrophoresis is reduced, and thus the separation performance of community DNA analyses is increased. . Bacterial cells from plant rhizospheres were obtained by suspending 10 g of wet root material, which was obtained from plants collected from an agricultural field at our research station (Braunschweig, Germany), with 40 ml of sterile 0.85% saline solution in 50-ml polypropylene test tubes (Falcon tubes; Becton Dickinson, Paramus, N.J.). The rhizosphere cells were washed from the root material for 30 min at 4°C in an orbital shaker (KH; Guwina-Hoffmann, Berlin, Germany) at 45 rpm.
MATERIALS AND METHODS

Microorganisms
DNA extraction. Cells from pure cultures grown to late logarithmic growth phase in batch cultures and from rhizosphere cell suspensions were pelleted in 50-ml test tubes by centrifugation (15 min at 8,000 ϫ g and 4°C). The supernatant was discarded, and the cell pellets were resuspended in 5 ml of lysis buffer (0.05 M NaCl, 0.01 M Na 2 EDTA, 0.05 M Tris-HCl [pH 8.0], 1% sodium dodecyl sulfate). The suspensions were then transferred into 15-ml tubes (Becton Dickinson) and subjected to five cycles of freeze-thawing. Each cycle consisted of 5 min of freezing in liquid nitrogen, 5 min of thawing in a 65°C waterbath with gentle agitation, and 10 s of vortexing at the highest setting (VF 2; IKA Labortechnik, Stauffen, Germany). Proteinase K (final concentration, 0.28 mg ml Ϫ1 ) (Boehringer, Mannheim, Germany) was added to each sample, and the tubes were incubated at 65°C for 1 h in a water bath with horizontal shaking at 150 rpm. Samples were placed on ice and mixed with 1 volume of phenolchloroform-isoamyl alcohol (25:24:1, vol/vol/vol). The suspensions were then centrifuged for 10 min at 4,100 ϫ g and 4°C. The aqueous phase was transferred into a fresh tube, mixed with 1 volume of chloroform-isoamyl alcohol (24:1, vol/vol), and centrifuged as described above. The upper phase was carefully removed and transferred in aliquots to 1.5-ml tubes (Eppendorf, Hamburg, Germany). DNA was then precipitated with 0.7 volume of isopropanol at Ϫ20°C for 1 h. Precipitated DNA was collected by centrifugation at 24,000 ϫ g for 15 min at 4°C. Pellets were washed with cold 70% ethanol, dried at room temperature, and resuspended in TE (10 mM Tris, 1 mM Na 2 EDTA, pH 8.0). For further purification, crude DNA from rhizosphere extracts was loaded onto 1% agarose gels containing 0.5 g of ethidium bromide ml Ϫ1 and run for 3 h at 60 V in 1ϫ TAE (38) . DNA fragments of approximately 20 kb, which represented the vast majority of the extracted DNA, were recovered from the gel by electroelution (38) . The eluted DNA was concentrated by ethanol precipitation and resuspended in TE buffer.
Selection of primers. The sequences of the two primers chosen for the amplification of eubacterial 16S rDNA and their hybridizing positions in E. coli were primer Com1 (forward) (5ЈCAGCAGCCGCGGTAATAC3Ј, positions 519 to 536) and primer Com2-Ph (reverse) (5ЈCCGTCAATTCCTTTGAGTTT3Ј, positions 907 to 926). Sequences were derived from data published by Lane et al. (19) . Primer Com2-Ph contained a 5Ј-terminal phosphate group.
PCR. Each PCR was performed in a total volume of 100 l in micro-test tubes (Flat Cap Micro Tubes; MWG Biotech, Ebersberg, Germany). Reaction mixtures contained 1ϫ PCR buffer with 1.5 mM MgCl 2 , deoxynucleoside triphosphate solution (200 mM each dATP, dCTP, dGTP and dTTP), primers Com1 and Com2-Ph (0.5 mM each), and 3.75 U of DNA polymerase (Expand-Taq HF; Boehringer). The total amount of genomic DNA added to PCR mixtures was approximately 50 ng for pure cultures and, if not otherwise stated, approximately 10 ng for bacterial cells extracted from rhizospheres. To increase amplification efficiencies with DNA extracted from rhizosphere, the MgCl 2 concentration was adjusted to 2.0 mM and T4 gene 32 protein (Boehringer; final concentration, 5.0 g ml
Ϫ1
) was added (42, 45) . Thermocycling, which was conducted in a Primus 96 instrument (MWG Biotech), started with an initial denaturation for 3 min at 94°C. A total of 35 cycles, each including 60 s at 94°C, 60 s at 50°C, and 90 s at 72°C, was followed by a final primer extension step of 4 min at 72°C. The purity and amount of PCR products were analyzed with 10 l of the reaction mixture after agarose gel electrophoresis (1.5% agarose gel, including 0.5 g of ethidium bromide ml
). Preparation of single-stranded DNA. In order to obtain single-stranded DNA from PCR products, the phosphorylated strand was removed by lambda exonuclease digestion. PCR products were purified with Qiaquick columns by a protocol recommended by the manufacturer (Qiagen, Hilden, Germany). Samples were eluted with 30 l of Tris-HCl, pH 8.0. For the digestion of the phosphorylated strand, 10 U of lambda exonuclease (Pharmacia Amersham Biotech, Freiburg, Germany) was mixed with 10 l of the resuspended PCR product in a total volume of 25 l containing a final concentration of 1ϫ lambda exonuclease buffer (Pharmacia Amersham Biotech). The reaction mixtures were incubated at 37°C for 2 h, and then the volume was increased to 100 l with sterile doubledistilled water. Protein was removed by phenol-chloroform extraction (34) . DNA was precipitated with ethanol and centrifuged (15 min at 27,000 ϫ g), and finally single-stranded DNA was resuspended in 12.5 l of TE, pH 7.6. Before electrophoretic analysis, 8 l of denaturing loading buffer (95% formamide, 10 mM NaOH, 0.25% bromophenol blue, 0.25% xylene cyanol) was added. Samples were incubated at 95°C for 2 min and immediately cooled on ice. After 5 min, samples were loaded onto the gels.
Gel system, electrophoresis, and staining. The samples were electrophoresed in a 0.6ϫ MDE gel (FMC Bioproducts, Rockland, Maine) with 1ϫ TBE buffer (38) . Large gels (43 cm in length) were run at 700 V for 20 h at 20°C in a Macrophor sequencing apparatus (Pharmacia Biotech). Small gels (21 cm in length) were run in a Pharmacia Multiphor II apparatus at 300 V for 3.5 h at 20°C. Large gels were cast horizontally on Gel Bond PAG film (FMC), using 0.4-mm spacers and the thermostatic plate as recommended by the manufacturer. Small gels were cast vertically (spacers of 0.5 mm) and run with buffer strips soaked with 2ϫ TBE. The gels were silver stained according to the procedure of Bassam et al. (2) and dried at room temperature.
Isolation and PCR amplification of DNA fragments from polyacrylamide gels. Single bands detected in polyacrylamide gels after silver staining were cut out with a scalpel for further analysis. Gel slices were transferred to micro tubes containing 50 l of elution buffer (0.5 M ammonium acetate, 10 mM Mg 2ϩ -acetate, 1 mM EDTA [pH 8.0], and 0.1% sodium dodecyl sulfate). The tubes were incubated at 37°C in a heating block (Thermomixer 5436; Eppendorf) for 3 h. Samples were then centrifuged for 1 min at 12,000 ϫ g at room temperature. A total of 40 l from the supernatant was transferred into a micro-test tube, and 2 volumes of ethanol was added for precipitation (38) . After centrifugation, the DNA was dried for 30 min at 30°C and resuspended in Tris-HCl (10 mM, pH 8.0). For PCR amplification, 2 l of this solution was used as template DNA. PCR was conducted as described above.
RESULTS AND DISCUSSION
In order to obtain suitable PCR products for microbial community analyses, universal primers first had to be selected. Utilizing the CHECK_PROBE program from the ribosomal database project (25) (release 6.1), we found 2,695 matches for primer Com1 (519f) and 2,306 matches for Com2-Ph (926r) from a total of 4,332 prokaryotic sequences (number of permitted mismatches was 0). The selection of the product size (408 bp for Escherichia coli), which included the V-4 and V-5 regions (31), was a compromise between the minimum necessary to include as much sequence information as possible and the maximum possible to detect differences between conformations. The PCR product size is comparable to sizes recently suggested for DGGE analysis for similar purposes (15) .
For SSCP, single-stranded DNA is formed during a denaturing step immediately before electrophoretic analysis. The electrophoretic separation itself is conducted under nondenaturing conditions. By standard SSCP, the majority of products in our investigation with 16S rRNA genes amplified from pure cultures were found to be double-stranded DNA after electrophoresis (Fig. 1, lanes 3, 6, and 9 ). In contrast, with our new approach, which implemented the removal of the phosphorylated DNA strand, double-stranded product was reduced to concentrations close to the level of detection (Fig. 1, lanes 4, 7,  and 10 ). With standard SSCP, three bands, representing two single strands and a double strand, were detectable for B. subtilis and Pseudomonas fluorescens. For Sinorhizobium meliloti, only two bands occurred, probably because the electrophoretic mobilities of both single-strand conformations were too small to be separated under the conditions selected for electrophoresis. As we intended, treatment of products with lambda exonuclease resulted in complete removal of the phosphorylated DNA strands generated by PCR. The remaining, nonphosphorylated strands obtained from B. subtilis, P. fluorescens, and S. meliloti were distinguishable from each other by their band positions in the gel (Fig. 1, lanes 4, 7, and 10) . As an alternative to the utilization of exonuclease, one strand of doublestranded PCR products can also be removed by using one biotinylated primer and subsequently separating the biotinylated and nonbiotinylated strands with magnetic beads. This approach has been applied for SSCP analysis of pure bacterial cultures (40, 43) . We selected the exonuclease technique because we suspected that phosphorylation would be a less drastic modification of a primer than biotinylation, as judged by the molecule size, and therefore would interfere less with DNA polymerase during PCR amplifications with microbial community DNA as a template.
To evaluate the potential of SSCP for community analysis, PCR products of 11 phylogenetically different bacteria, among them 10 soil bacteria, were analyzed. The resolution for SSCP, compared to the results shown in Fig. 1 , was enhanced by utilizing a gel with a longer running distance (43-cm length). With the exceptions of C. glutamicum and Paracoccus denitrificans, all species tested yielded band positions different from each other (Fig. 2) . C. glutamicum, which belongs to the high-GC-content gram-positive eubacteria, is phylogenetically less related to P. denitrificans (alpha subclass of the class Proteobacteria) than to many other species shown in Fig. 2 , e.g., Gordona terrae (high GC content, gram positive). Thus, similar electrophoretic mobilities were not indicative of DNA sequence similarities under our selected conditions. When SSCP analysis was conducted with both strands to compare C. glutamicum and P. denitrificans, we found that the band position of the opposite strand, not shown in Fig. 2 , allowed us to easily differentiate the strains from each other (data not shown). In contrast to the case for the low-resolution gel shown in Fig. 1 , P. fluorescens showed three bands that were distinguishable from each other (Fig. 2, lane 9) . These products with different electrophoretic mobilities were reproducible with both crude cell lysates and purified genomic DNA. They may have been formed due to sequence variations between different operons present in the genome of a single species (3, 32, 53) . As described for P. fluorescens, we also found more than one band with Pseudomonas stutzeri, Azotobacter beijerinckii, Agrobacterium radiobacter (not detectable on the particular gel shown in Fig. 2) , and Rhizobium leguminosarum subsp. trifolii. Negative controls (no DNA) yielded a weak product which was visible as a light smear on SSCP gels (data not shown). This smear always disappeared in the presence of any template DNA.
Species-specific products, as shown in Fig. 2 , lanes 1 to 11, were one precondition for utilization of PCR-amplified DNA and SSCP for community analysis. A second precondition was to determine whether PCR amplifications from community 16S rRNA genes resulted in products which were related to the diversity present in the PCR templates. Therefore, we amplified 16S rRNA genes from DNA template mixtures containing genomic DNA in equimolar amounts extracted from 5 and 10 different pure cultures. From a mixture containing three grampositive species and two Rhizobium species, it was possible to distinguish three bands (Fig. 2, lane 12) . Two bands can be attributed to PCR products from two species: the upper band from B. subtilis and R. leguminosarum subsp. trifolii and the lower band from C. glutamicum and P. denitrificans. From a mixture of five other pure cultures, all species-specific bands were detectable (Fig. 2, lane 13) . However, product yields obtained from A. beijerinckii were below those from pure culture amplifications. From a mixture of 10 species, it was possible to detect all single components (Fig. 2, lane 14) . However, some products (P. denitrificans, B. subtilis, A. beijerinckii, C. glutamicum, and G. terrae) occurred at only low concentrations. The results obtained from mixed communities show that PCR amplified each single component but that product yields did not reflect the abundance of each strain in the template mixture. This may have been a direct result of different genome sizes and operon numbers for each single strain, for which we did not normalize in this investigation. On the other hand, it was shown that even with such normalized template mixtures, preferential amplification of some 16S rRNA operons compared to others may occur (6, 36, 44) . Additional bands, which would have been indicative of chimeras formed during PCR with model community DNA as a template, were not detected in our study. In other investigations such PCR artifacts represented a serious problem when amplified fragments obtained from template DNAs of model or natural communities were sequenced (17, 52) .
The identity of single-stranded PCR products generated from pure cultures and model communities was analyzed by PCR amplification of single bands extracted from polyacrylamide gels. Such reamplifications can provide a tool to obtain DNA from community amplified 16S rRNA genes for further analysis, e.g., DNA sequencing, as has been shown for bands extracted from DGGE gels (8, 16, 37, 39) . For pure cultures, the main product of reamplification was identical to the extracted band utilized as a template, as shown for S. meliloti, C. glutamicum, B. subtilis, P. fluorescens, and P. stutzeri (Fig. 3,  lanes 1 to 10) . The reamplification process also regenerated the nonextracted opposite DNA strand of the respective 16S rDNA fragment. For all five pure cultures, the reamplified products contained additional products with mobilities lower than that of the originally extracted PCR fragment. The quantities of these products were relatively high for the strands corresponding to the originally extracted strands but lower for the opposite, regenerated strands (not detectable for C. glutamicum [lane 3 in Fig. 3] ). Since the DNA polymerase Expand used in our PCR amplifications consisted of both Taq polymerase, which produces single-A overhangs, and Pwo, which produces blunt-end products, it is possible that such mixtures of blunt-end and single-A overhangs were the cause for the formation of the observed double bands. Reamplification was also possible with bands extracted from mixed-culture PCR products (10 species; Fig. 3, lanes 11 and 13) . The quantities of the reamplified products were comparable to those obtained with pure-culture DNA as a template. As described for pure cultures, products with electrophoretic mobilities lower than those from the extracted and reamplified strands appeared with extracted bands from mixed-culture amplified DNA (Fig.  3, lanes 11 and 13) . In general, results from reamplification of gel-extracted bands from our low-diversity community (n ϭ 10) indicated that specific reamplification of single members is possible. For products generated from more complex natural communities, specific reamplification of isolated bands may be more difficult due to the presence of comigrating or contaminating DNA from other members of the community. Thus, direct DNA sequencing of reamplified products might be impaired. A possible approach to avoid such problems could be cloning of the reamplified products before sequencing. SSCP analysis would be an ideal tool to identify clones with DNA products identical to those originally extracted from the amplified community DNA. Comigrating products may then be resolved due to the different electrophoretic mobilities of the opposite, regenerated bands of different members from such a community.
Rhizosphere bacterial communities were selected in our investigation to evaluate the performance of SSCP with environmental samples. Bacterial cells were extracted from rhizospheres of two different plant species, Medicago sativa (alfalfa) and the common weed Chenopodium album. A total of four samples (M. sativa samples 1 and 2 and C. album, samples 1 and 2), each consisting of collected microbial cells extracted from 12 to 15 plant roots, were analyzed. Both M. sativa and C. album were collected from the same field and had grown near each other. However, samples 1 and 2 were obtained from plants which were 30 m apart from each other. Figure 4 shows the results obtained from PCR-SSCP analysis with three different template concentrations added to the PCR mixtures. Plant-specific patterns could be obtained, indicating that M. sativa and C. album selected for different bacterial populations from the same soil and that a distance of 30 m within the same agricultural field did not dramatically alter the bacterial communities selected by each plant species. However, with the communities amplified from M. sativa, variations in band intensity and diversity were detected. For further ecological analysis it should be possible, after reamplification and DNA sequencing, to identify both plant-specific and site-specific isolates. The initial concentration of template DNA, which was tested with 0.2 to 10 ng per PCR, did not affect product formation (Fig. 4) . In other investigations it was found that product formation from PCR amplifications with 16S rRNA community DNA as a template was variable depending on the initial template concentration (14) . Thus, the effect of dilution should generally be considered in PCR-based methods for community analysis.
Provided that the average bacterial genome size is 6,800 kb and 4.5 ϫ 10 9 D (47), the amount of bacterial DNA serving as a template in each PCR represented 2.66 ϫ 10 4 cells (0.2 ng), 2.66 ϫ 10 5 cells (2 ng), and 1.33 ϫ 10 6 cells (10 ng). SSCP of amplified rhizosphere bacterial communities showed approximately 25 distinct bands per sample (Fig. 4) . Previous results in this investigation indicated that the number of bands correlated with the number of species (operons) amplified from our model communities. We cannot exclude the possibility that single organisms extracted from rhizospheres may cause several bands due to more than one operon or more than one conformation of a single PCR product. In contrast to other studies and due to the methodological approach selected here, we can, however, exclude the role of heteroduplex formation in the generation of artifact species.
Future developments may further enhance the performance of the SSCP approach as described here. In contrast to DGGE, larger gels can easily be applied to increase distances and, thus, resolution of separation. We have utilized a gel matrix developed for the detection of point mutations, and it might be possible to develop gel matrices which are optimized to separate single-stranded DNA obtained from microbial communities. Finally, automation, as has been described for terminal restriction fragment length polymorphism analysis with community DNA (23) and for PCR-SSCP with genes extracted from pure cultures (46, 55) should directly be applicable to community SSCP analysis if the nondigested strand is labeled by fluorescent primers during PCRs.
